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ABSTRACT

Extracellular electron transfer (EET) from electrochemically active bacteria (EAB) plays a critical
role in renewable bioelectricity harvesting through microbial fuel cells (MFC). Comprehensive
interpretation and interrogation of EET mechanisms can provide valuable information to enhance
MFC performance, which, however, are still restricted by the intrinsic complexity of natural
biofilm. Here, we design core/shell EAB-encapsulating cables as a one-dimensional model system
to facilitate EET studies, where the local microenvironments can be rationally controlled to
establish structure-function correlations with full biological relevance. In particular, our proof-of-

concept studies with Shewanella loihica PV-4 (S. loihica) encapsulating cables demonstrate the

precise modulation of fiber diameters (from 6.9+ 1.1 um to 25.1+2.4 um) and bacteria interactions,

which are found to play important roles in programming the formation of different inter-cellular
structures as revealed by in-situ optical and ex-situ electron microscopic studies. As-formed
bacterial cables exhibit conductivity in the range of 2.5 to 16.2 mS-cm™!, which is highly dependent

on the bacteria density as well as the nature and number of intercellular interconnections. Under



electron-acceptor limited conditions, the closely contacted bacteria promote the development of
high density self-assembling nanomaterials at cellular interfaces which can be directly translated
to the increase of EET efficiency (16.2 mS-cm™') as compared with isolated, remotely-connected
bacteria samples (6.4 mS-cm™). Introducing exceeding concentrations of soluble electron
acceptors during cell culture, however, substantially suppresses the formation of cellular
interconnections and leads to significantly reduced conductivity (2.5 mS-cm). Frequency-
dependent measurements further revealed EET of EAB networks shared similar characteristics to
electron hopping in conductive polymer matrix, including dominant DC-conduction in the low
frequency region, and AC induced additional electron hopping when the applied frequency is
above the critical frequency (10° Hz). The current work represents a strategically new approach
for non-invasively probing EET with rationally defined micro-environment and cellular
interactions across a wide range of length scales, which is expected to open up new opportunities

for tackling the fundamentals and implications of EET.
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MAIN TEXT

As a promising technology for sustainable energy production, microbial fuel cells (MFCs) have
attracted increasing interests due to their capabilities to directly transform various organic
substrates into electricity under resource limited conditions.! However, the low power density of
MFCs has limited their applications to date. Extracellular electron transfer (EET), the process that

directly transfers metabolic electrons from electrochemically active bacteria (EABs) to external



electrodes without intervening catalysts serves as the basis for electricity production in MFCs.!#
Understanding mechanisms and limitations of EET is critical to define and potentially-improve
power output of MFCs. Recently, researchers discover that EETs in two model EAB species,
Shewanella and Geobacter, are mainly associated with their surface membrane proteins — c-type
cytochromes (cyts).>> These cyts allow direct electron transfer from one bacterium to another or
from bacteria to solid electron acceptors when they are closely contacted. More interestingly,
EABs can also form a variety of micro- to nano- structures to enable longer range EET. For
example, EABs protrude conductive pilus-like nanostructures — often known as microbial
nanowires — from bacteria surfaces which serve as alternative electron transfer pathways to extend
the EET distance and maximize transport efficiency.®’ It has also been reported that some marine
microbes can fuse surface membranes to generate centimeter-long “bacteria cables” to transfer
their metabolic electrons from the bottom nutrient-rich layer to the surface oxygen-rich layer.®
While significant progress has been made in the EET studies, the complex nature of native biofilms
limited the unambiguous investigation of EET mechanisms and the relationship between these
conductive structures with corresponding functions.”!! These limitations lead to vague and

actively debated EET mechanisms such as metallic like EET process vs electron hopping.!! !4

Recent developments of nanotechnology-enabled platforms allow the real-time probing of
EET from “bottom-up”.!>!® In particular, nanostructured electrodes, in which the presence or
absence of cell/electrode contacts can be physically controlled, have been developed so that the
contribution from direct or mediated electron transfer could be unambiguously distinguished.
Combined with high-resolution in-situ imaging, the correlation between current output and
microbe/electrode interaction has been demonstrated at the single-cell level. The current

generation from single bacterium not in biofilms establishes the intrinsic limit of MFC current



density, ~10% A/m3,'> which is 2-3 orders of magnitude higher than the best value reported in
working MFCs.!” These results indicate that the performance of state-of-the-art MFCs is not
intrinsically limited by EAB or EAB/electrode interface and highlight the great potential of this
burgeoning technology. To scale up single-EAB performance to the entire cell population and
further improve power density, there is a strong need to further extend the bottom-up EET studies
to elucidate the fundamental mechanism and structure-function correlations in the context of cell-
cell interactions. Toward this goal, we have created an artificial extracellular matrix to engineer
EAB biofilm from the bottom-up. Specifically, core/shell hydrogel fibers were designed and
developed for live EAB encapsulation/confinement which allows rationally-controlled
microenvironments and bacterium-bacterium interactions. These bacteria networks represent 1D
model systems to investigate EET with minimal invasiveness, full biological relevance, and across

multiple length scales.

The 1D bacterial fiber is generated through a two-stage flow focusing device consisted of
coaxially-aligned glass capillaries with multiple fluidic inlets (Figure 1a).!® The glass capillaries
with diameters of 30 and 60 um are exploited at the first and second stage of the device,
respectively. During operation, bacterium solution first flows through the 30 um capillary with
flow rate at 0.2 mL/hr. This bacteria flow is focused into a micrometer-scale stream before entering
the second capillary where 2% alginate solution is injected as the shell flow. Alginate is exploited
as the 1D scaffolding for bacteria encapsulation and confinement, because of its structural
similarity to polysaccharide matrices in native biofilms, desirable porosity for efficient
nutrients/metabolites exchange, and easy degradation via a variety of chemical approaches.!” After
exiting the second capillary, this core-shell flow interacts with a “sheath” flow containing 100 mM

CaCly, the alginate crosslinking reagents, which crosslinks alginate to become a solid hydrogel.



Figure 1b and c¢ show fluorescent images (taken under low and high magnifications) of
bacteria/alginate core/shell fibers generated when flow rates of alginate shell and Ca®* sheath are
controlled at 0.9 mL/hr and 200 mL/hr, respectively. As measured from random locations of
Figure 1b, this flow focusing device can consistently generate core—shell fibers with narrow core
size distributions (11.6 = 0.68 um) (Figure 1b inset).
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Figure 1. Microfluidic generation of core/shell bacterial cables. (a) Schematics of the two-
stage flow focusing device for core/shell bacterial fiber generation. The EAB-containing core
stream (brown) is flow focused before entering the alginate shell stream (yellow). The core/shell

hydrogel fiber is formed at the end of the device when a CaCl, sheath flow is introduced to



crosslink the alginate; (b, c) Low- (b) and high-magnification (c) fluorescent images of as-
fabricated core/shell fibers; green color indicates the alginate shell mixed with Dextran
nanoparticles and blue indicates the bacteria with Hoechst nuclei staining. Scale bars: 50 um (b)

and 25 um (c)

The two-stage flow focusing microfluidic device enables a unique possibility to precisely
modulate the fiber structure and bacteria density as a strategy to control cellular interactions and

microenvironment in 1D. By changing the first-stage flow rate from 0.4 mL/hr to 0.1 mL/hr, the

diameter of the “bacteria core” can be effectively reduced from 25.1+2.4 um to 6.9£1.1 pum

(Figure 2a, b). Particularly, at 0.1 mL/hr core flow rate, single stream of bacteria can be
focused/aligned in the fiber core which is approaching the real 1-D regime (Figure 2alV). The
modulation of the shell flow rate can provide additional control of the fiber geometry,?® with the
increase of shell flow rate leading to the reduction of core diameter. Additionally, the density of
the encapsulated bacteria can also be modulated by varying the stock concentration of the bacteria
core flow. This allows us to rationally tune cellular interactions, where the bacteria could be in
close contact or isolated with designed spacing (Figure 2c), thus offering the possibility to
rationally program the structure and properties of bacterium-bacterium interconnections when

forming the 1D EAB network.
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Figure 2. Modulations of cell-cell interactions within the core/shell fibers (a) Bright-field
images of bacterial cables with varied core diameters. Core flow rate: (I) 0.4mL/hr; (II) 0.3mL/hr;
(1) 0.2mL/hr (IV) 0.1mL/hr. (b) Summary of the core size distribution at different flow rates. n=10
(c) Bright-field images of bacterial cables with high (I) and low (Il) bacteria density. Scale bar: 10

pm

As-generated bacteria cables are collected and subject to systematic culture tests under
controlled environments,?! where effects of initial EAB density and culture conditions on the
structure and morphology of 1D cellular interconnections are examined with both optical and

electron microscopy.?? Confocal fluorescent images of high-density bacterial cables cultured under



electron acceptor limited conditions revealed that the compact encapsulation of bacteria promotes
the formation of cable-like structure (Figure 3a), where the outer membrane of cells are closely
connected together, sharing very similar morphology to the filamentous bacteria observed in
nature.® In order to further investigate the nanoscale interfaces within the structure, the alginate
shell of the bacterial cable is gently removed with calcium chelating reagents?* and the exposed
bacteria-derived structures are analyzed under the scanning electron microscope (SEM). The SEM
images have revealed two types of “nanowires” that are generated in this 1D bacterial network
(Figure 3d). Type-I nanowires are few micrometers in length and tens of nanometers in width and
are bridging isolated EAB. These nanowires are morphologically consistent with earlier studies
which demonstrated them as membrane extensions.®?* Type-II “nanowires” or pili, which are
generally <100 nm, distributes at the membrane connections of bacteria with notably higher
density as compared with Type-I nanowires (Figure 3d inset). We hypothesize these
nanostructures have a similar role in electron transfer as the “ridges” observed in natural bacteria
cable, which could eventually fuse with connected bacteria.® In contrast, in low density EAB
network, the isolated cell bodies limited the formation of bacteria cable as shown in the confocal
fluorescent image (Figure 3b). No clear connections between bacteria bodies can be observed in
majority of this network except a few bacteria filamentous structure extending from outer
membranes (red arrows in Figure 3b). A detailed characterization of these nanoscale structures
under SEM showed similar morphologies to the Type-I nanowires in the high-density EAB
networks (Figure 3e). No Type-II nanowires have been observed in low EAB density networks,
indicating the importance of initial cell density/cell-cell interaction in directing the formation of

these short-range inter-cellular structures.



Furthermore, to understand the influence of local electron acceptors on the development of
bacterial interconnections, a separated experiment is carried out where the high density bacterial
cables are cultured under electron acceptor (fumarate) rich condition. Fumarate can easily access
EAB through diffusion which triggers alternative metabolic pathways such as cyts-enzyme
interactions®® and electron tunneling through surface protein,® thus suppressing the nanowire
formation as confirmed by both fluorescent and SEM characterizations (Figure 3¢ and f). Only a
very small amount of pilus-like structures have been observed under SEM (Figure 3f) which
interconnect adjacent bacteria (< 500 nm separation) and form a loose network. These low-density
nanowires cannot provide sufficient structural support; hence, this network was broken into

separated bacteria after the removal of alginate shell.

Figure 3. Fluorescence and SEM characterizations of the 1D bacterial networks. Confocal

fluorescent images of bacteria cables with high (a) and low (b) EAB density; as well as the high

EAB density fiber cultured under electron acceptor rich condition conditions (c). Scale bar: 10 pm.



High magnification SEM images of high (d) and low (e) EAB density networks as well as high

density networks cultured under electron acceptor rich condition conditions (f). Scale bars: 1 ym

(d); 1.5 um (e), and 2 pm (f).

The electrical properties of as-fabricated bacterial cables are investigated with both DC
current-voltage (I-V) and frequency-dependent AC conductivity measurement.?® All measured
bacterial cables showed linear I-V relationships (Figure 4a inset), indicating that the current vs
potential change is mostly attributed to the EET process with minimal electrochemical reaction at
electrode interface. The conductivity of each sample is calculated from the I-V measurements and
summarized in Figure 4a. The bacterial cables with high density networks exhibit higher
conductivity (16.2 = 4.2 mS-cm™") as compared with low density (6.4 + 1.6 mS-cm™) networks.
These results suggest that the EET efficiencies can be enhanced by increasing bacteria density in
the fibers which can promote generations of membrane contact and high-density nanowires
(Figure 3a, d) thus introduce additional EET pathways. The very low conductivities of bacterial
networks cultured under electron acceptor rich conditions (2.5 = 0.5 mS-cm™) further confirm that
bacterial interconnections are the key factors in long range EET. Reduction of bacterial
interconnections due to high concentration electron acceptors restricts the development of long

range EET pathway; thus, results in a low EET efficiency.

The frequency-dependent impedance measurement is performed in the range of 0.1 Hz
to10° Hz with potential set at 0 V (Figure 4b). The key features are in good consistence with an
electron hopping mechanism in conductive polymers.?” In the low frequency range of 100 mHz to
10° Hz, EET is dominated by the resistance of bacterial network which is determined by the
intrinsic macroscale connection of the whole bacterial network. As frequency raises over the

critical frequency (10° Hz), the applied AC potential enables additional electron hopping processes
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thus further reducing the impedance.?’ This transition from DC to DC+AC EET mechanisms is
also reflected from the phase angle shift (Figure 4b), which stays constant at 0° between 100 mHz
to 10° Hz then progressed to -80° along with the increase of frequency. It’s worth noting that our
current frequency-dependent impedance measurement along bacterial cables differs significantly
from conventional electrochemical impedance spectroscopy (EIS) studies of EAB biofilms. This
measurement is dominated by the EET within the centimeter-long 1D channel with minimal
contribution from EAB/electrode interfaces. By further improving electrical interface between
inorganic electrodes and EABs (e.g., through biogenic production of metal/semiconductor

nanoparticles® that are intimately coupled with redox centers), the platform has the potential to

tackle EET mechanisms and limitations that are intrinsic to Dbacterial networks.
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Figure 4. Electrical properties of bacteria cables. (a) Conductivities of high density, low
density, electron acceptor rich condition, and pure alginate fiber control derived from the |-V
characteristics. Conductivities were calculated based 2 cm in fiber length and 50 ym in fiber
diameter Inset: |-V characteristics of correspondent bacterial cable samples. n=3 (b) Frequency-

dependent impedance measurement of high density network. Black and white marks represent
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the impedance and phase angle shift measurements as the response of frequency changes,

respectively.

In conclusion, we have demonstrated the development of EAB-encapsulated core/shell
fibers as 1D model system to investigate EET across different length scales with rationally
designed bacterial interconnections. This platform allows precise modulation of the cell-cell
interactions from closely membrane contact to fully isolated, as well as local microenvironments
from electron receptor limited to electron receptor rich conditions. These modulations lead to
significant effects in both structural (from isolated bacteria to high density nanowire connections)
and electrical properties (from 2.5 to 16.2 mS-cm™) of these 1-D bacterial networks. This unique
capacity can open up a new possibility to in-situ non-invasive investigation of EET in the living
EAB network which is anticipated to overcome challenges present in the current studies in native
biofilms and provide explicit insights of EET mechanisms. The fundamental understanding of
structure-function relationship in the context of cell-cell interactions will also facilitate the design
and development of novel MFC systems with rationally designed EET pathways. In particular,
these bacteria cables naturally serve as 1D building blocks to construct hierarchical anode
structures from the bottom-up, in which both charge and mass transport can be effectively

optimized at single-fiber and ensemble levels to maximize the MFC performance.
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